Sequence alignments of NC2 ␣ (A) and ␤ (B) from human, Xenopus laevis, D. melanogaster, Caenorhabditis elegans, and S. cerevisiae, plus X. laevis H2A and H2B core histones (human NC2 residue numbering is used for both subunits). For NC2 ␣, only the conserved core histone regions are shown, with lower case letters corresponding to the 21 unrelated amino acids fused to the C terminus beyond residue 77 (Experimental Procedures). Labeled secondary structure elements (␣ helices, rectangles; random coil regions, solid lines; and disordered residues, broken lines) of NC2 ␣ and ␤ are illustrated with light and dark blue, respectively. Phylogenetically conserved regions are shaded yellow. NC2 ␣ and ␤ residue codes: p, pair residues involved in intermolecular interactions; *, DNA contacts; #, TBP contacts; bold, point mutations illustrated in Figure 1E ; and^, NC2 ␤ residues responsible for stabilizing the crystal lattice. H2A and H2B residue codes: •, DNA contacts within the nucleosome core particle. TBP residue codes: #, NC2 ␣ and ␤ contact residues; bold single letter amino acid To understand the molecular mechanisms responsible for transcriptional regulation by NC2, we determined 1995; Tsai and Sigler, 2000) . TFIIB interacts with DNA both up-and downstream of the TATA element and the X-ray structure of human NC2 recognizing a preformed binary complex of human TBP bound to a TATA makes contacts with the C-terminal stirrup of TBP. The TFIIB-TBP-DNA ternary complex provides the recognielement at 2.6 Å resolution. The N-terminal portions of NC2 ␣ and ␤ resemble H2A and H2B, respectively, and tion site for entry of pol II, which is in turn directed to the transcription start site. The structure of the TFIIAform an intimate heterodimer that binds to the underside of the TBP-DNA complex, permitting the C terminus of TBP-DNA ternary complex (Geiger et al., 1996; Tan et al., 1996) documented binding of TFIIA to the opposite NC2␤ to make specific contacts with the upper surface of the molecular saddle and block entry of TFIIB. The N-terminal stirrup of TBP and to DNA upstream of the Figure 1E ) and repression of transcription initiation in helices (relative to H2) and the C termini differ markedly between NC2␣ and H2A. The truncated form of NC2␣ vitro (data not shown) documented that the form of NC2 used for crystallography has the same biochemical used for crystallization lacks a conserved sequence motif (shaded yellow in Figure 1A ), which corresponds to properties as full-length wild-type and recombinant NC2. a short fourth ␣ helix in H2A. Finally, H4 of NC2␤ is longer than its H2B counterpart and is significantly different at The X-ray structure of the NC2-TBP-DNA ternary complex was determined at 2.6 Å resolution via molecular its N terminus. In NC2␤, the first turn of H4 adopts a 3 10 conformation (residues 80-82) that is stabilized by an replacement using our previously published structure of the TBP-DNA binary complex (Nikolov et al., 1996) i Ϫ iϩ3 -interaction between Phe80 and Tyr83, both of which also contribute to heterodimer stability. as a search model. AMoRe (Navaza, 1994) Figures 4B and 4C) within the TATA box (Lys18). L2 of NC2␤ interacts with
Overview
The structure of the ternary complex makes it highly likely that the C-terminal half of ␣ helix H4 and all of ␣ the backbone of the top DNA strand downstream of the TATA element (Lys63, Lys64, Thr65; Figures 4A and 4C) .
helix H5 are random coil in solution. Given the observed NC2␤ interactions with the DNA and with the upper (For reference, the nucleosome structure [Luger et al., 1997] showed that H1 and the L1-H2 junction in H2A surface of TBP, we suggest that NC2 binding occurs in two stages. Initially, the core histone-like heterodimer and L2 of H2B make numerous DNA backbone contacts, involving residues denoted with • in Figures 1A and 1B) .
would interact with the DNA on the underside of the Figure 1D ) and yellow for bottom strand (nucleotides numbered 5Ј-3Ј Ϫ18 → Ϫ1 in Figure 1D ).
TBP-DNA binary complex via electrostatic interactions. arguments can be made for the TBP interacting residues within Glu115-Gln133, which stabilize the conformation Directional NC2 binding would then be dictated by the structural consequences of target induced disorder-toof ␣ helix H5. It is also possible that NC2 binding polarity is partially determined by the interactions between the order transitions within the C terminus of NC2␤. We presume that Lys95, Arg101, and Lys102 (Figure 4) con-N-terminal stirrup of TBP and L1 of NC2␣ (Figure 2 ; site 1). Carbonyl oxygen atoms within L1 of NC2␣ make a tribute to this process by making favorable contacts with the backbones of both DNA strands downstream series of backbone-sidechain contacts with TBP (Gln22-Arg92t, Asp24-Arg92t, Glu26-Lys91t, Ile27-of the TATA element, thereby facilitating a random coil to ␣ helix transition that would give rise to H4. Similar Arg92t, Gly28-Arg92t; Figures 1A and 1C) . These elec- Figure 3A) , but also the conservation of basic residues mutant forms of NC2 yielded residual ternary complexes with slower mobility than the T•NC complex, which may in the N-terminal stirrup of TBP ( Figure 1C) .
We employed site-directed mutagenesis to change reflect a distinct, nonspecific NC2-TBP-DNA complex stabilized by weaker interactions between the histoneGln121→Glu, Gln122→Glu, Gln123→Glu, and Phe126→Ala (respectively denoted 121QE, 122QE, 123QE, and 126FA like portion of NC2 and the underside of the TBP-DNA complex.) in Figure 1E ) to evaluate their respective roles in stabilizing the NC2-TPB-DNA ternary complex in vitro. As exOur structure of the NC2-TPB-DNA ternary complex also explains the results of a genetic screen performed pected, the Gln123→Glu substitution has no effect on ternary complex formation (Gln123 does not make any by Prelich and coworkers (Cang et al., 1999). Yeast TBP gene mutations were selected in vivo on the basis of contacts with TBP). In contrast, the Gln122→Glu and Phe126→Ala substitutions destabilize the NC2-TBPincreased suc2 gene transcription in an upstream activation sequence (UAS) bypass assay. In the absence DNA complex ( Figure 1E ). Gln122→Glu would be expected to disrupt part of the favorable hydrogen bond of an intact UAS within the suc2 promoter, suc2 gene expression is dramatically reduced because of the inhibnetwork with the sidechain of Tyr293t, the carbonyl group of Arg294t, and the backbone amide of Ile296t itory effects of NC2 and other negative cofactors (Prelich, 1997). Disruption of interactions between yeast NC2 ( Figure 5C ). Phe126→Ala would be expected to eliminate observed van der Waals interactions with the sideand the yeast transcription machinery would be expected to restore suc2 gene expression by eliminating chains of Met295t and Ile331t ( Figure 5C ). We believe that both of these mutations compromise polar and van the repressive effects of NC2. Various yeast TBP mutations mapping to the heart of the observed NC2-TBP der Waals interactions at the heart of the NC2-TBP interface, whereas the effect of the isosteric Gln121→Glu interface (magenta swath in Figure 5B ; His277t, Phe280t, Tyr293t, Pro330t, and Ile331t using human TBP numbersubstitution ( Figure 1E ) on the perimeter of the protein- virus 3C protease, and a truncated form of human NC2␣ (residues form of NC2␣. These polypeptide chain segments appear to be disordered, and were omitted from the final refinement model. With 1-77 plus 21 unrelated amino acids). Difficulties with expression of truncated forms of human NC2␣ were overcome by inclusion of the exception of the 19 th bp, the electron density (2|F observed |Ϫ|F calculated |) for the backbones of the oligonucleotide duplex was also continuthese 21 unrelated C-terminal amino acids, which appear to be functionally silent. Following cell lysis, oligomeric NC2 ␣ and ␤ were ous at 1.0. copurified via standard Ni 2ϩ ion affinity chromatography, and the hexahistidine tag was removed by proteolysis. Final purification
